Cold storage of the cauda epididymis, a male reproductive organ, is an efficient means of transporting genetically modified mice, an alternative to live animal shipment. The fertility of cold-stored sperm decreases in a time-dependent manner. However, the cause of the reduction in the fertility of sperm after cold storage remains unclear. It is known that cholesterol efflux from the sperm membrane is a trigger of capacitation. The dysfunction of cholesterol efflux due to changes in the membrane state in low temperatures may explain the reduced fertility. In this study, we examined the fertility (fertilization rate, acrosome reaction, and motility) and the amount of cholesterol and membrane fluidity in cold-stored sperm after treatment with two cholesterol acceptors, bovine serum albumin (BSA), and methyl-beta-cyclodextrin (MBCD). MBCD-treated sperm exhibited the highest rate of fertilization. Two-cell embryos derived from in vitro fertilization using 0.75-mM-MBCD-treated sperm after cold storage for 72 h developed to offspring. MBCD also displayed greater ability to remove cholesterol from the sperm membrane than BSA. The percentage of viable sperm with membrane destabilization was increased by MBCD in cold-stored sperm. The acrosome reaction strongly occurred in MBCD-treated sperm. In motility analysis, MBCD improved the lateral amplitude of head movement and beat frequency. These results suggest that MBCD-induced cholesterol efflux enhances membrane fluidity and promotes acrosome reaction and hyperactivation, resulting in improved fertility of cold-stored sperm.
Introduction
Genetically modified (GM) mice are frequently used for research in the life sciences. Mouse banks have been established to efficiently provide GM mouse strains in the scientific community [1, 2] . Mouse banks play an important role in efficiently producing, archiving, and distributing GM mouse strains. Researchers can easily find and obtain GM mice from International Mouse Strain Resources [3] . To date, a large number of shipments of GM mice have been conducted among mouse banks and research institutions.
Reproductive technology is essential for improving the service of the mouse banking system [4, 5] . Cold shipment of fresh sperm within the cauda epididymis at refrigerated temperatures is useful for efficiently transporting GM mice [6, 7] . Using this technique, disadvantages associated with the transport of live mice, including escape, death, expansion of infection, and cost, are avoided. Previously, we reported that mouse sperm that was cold-stored for 96 h in Lifor preservation medium (Lifor) maintained high motility and its fertility restored by reduced glutathione treatment [6] . The addition of sphingosine-1-phosphate to Lifor improved the fertility of coldstored sperm after cryopreservation [7] . The cold transport system of fresh sperm is applicable to the transport and archiving of GM mice via the preparation of cryopreserved sperm in mouse repositories.
However, the fertility of cold-stored mouse sperm declines in a time-dependent manner [6, 8] . The reason for this time-dependent reduction of fertility of cold-stored mouse sperm remains unknown. To improve the technique, the mechanism underlying the reduction of fertility of cold-stored sperm should be examined.
Cholesterol efflux is as a known trigger of sperm capacitation [9] . Dynamic changes in membrane lipid content promote the reorganization of lipid rafts, release of glycosylphosphatidylinositolanchored protein, influx of various ions, elevation of cyclic adenosine monophosphate (cAMP), and protein phosphorylation during capacitation [9] [10] [11] . It is known that cold temperatures induce ultrastructural changes in the plasma membrane of mammalian sperm [12] [13] [14] . This physical change may induce cholesterol efflux excess or deficiency, resulting in dysfunctional capacitation in cold-stored mouse sperm. However, the sensitivity of cholesterol efflux, the status of capacitation, and fertilizing ability of preincubated mouse sperm after cold storage are not clear.
In this study, we examined the effects of cholesterol efflux on the level of cholesterol in the sperm membrane, membrane fluidity, fertilizing ability, developmental ability, and motility of mouse sperm after cold storage of the cauda epididymis using two acceptors, bovine serum albumin (BSA) and methyl-β-cyclodextrin (MBCD).
Materials and methods

Animals
C57BL/6J mice were purchased from CLEA Japan (Tokyo, Japan) for use as sperm and oocyte donors. Sperm were obtained from mature male mice (12-18 weeks old), and oocytes were obtained from mature female mice (8-12 weeks old). All animals were maintained under a 12-h/12-h dark-light cycle (lights on: 07:00-19:00) at a constant temperature of 22 ± 1
• C with free access to food and water.
All animal experiments were approved by the Animal Care and Use Committee at Kumamoto University.
Media
Lifor (Lifeblood Medical Inc., NJ, USA) was used for the cold storage of cauda epididymides [6] . Bovine serum albumin-free Toyoda Yokoyama Hoshi medium (fTYH), is modified Krebs-Ringer bicarbonate solution, was used as a medium for sperm preincubation [15] . Free TYH was supplemented with 4.0 mg/mL BSA (Fraction V, Fatty Acid-Free, Calbiochem) or 0.25, 0.50, 0.75, 1.0, 1.25, or 1.50 mM MBCD (Sigma) containing 1.0 mg/mL polyvinyl alcohol (PVA) (cold water-soluble; Sigma) [16] . Modified human tubal fluid (mHTF) medium was used for in vitro fertilization (IVF) [17, 18] . Potassium simplex optimized medium (KSOM) was used to culture two-cell embryos until embryo transfer [19] .
Cold storage of cauda epididymides
Cauda epididymides were cold-stored and preserved in CARD Cold Transport Kit (Cosmo Bio Co. Ltd, Japan) as previously described [6, 7] . Male mice were euthanized via cervical dislocation, and their cauda epididymides were collected and transferred to 0.2 mL of Lifor in 0.2-mL plastic tubes (three epididymides/tube). The tubes were placed in a cardboard box with a digital thermometer and data logger (Thermochron iButton; Maxim Integrated Products, Inc.) and a sheet of cotton wool. The box was placed in a vacuum bottle (JMK-500, Thermos Co., USA) with two cold packs (60 × 180 mm 2 )
precooled at 4
• C. 
Preparation of sperm
After cold storage, the cauda epididymides were collected from the storage medium, and the medium was gently wiped off with filter paper. The cauda epididymides were washed in mHTF in paraffin oil in a sperm preincubation dish. The duct of each cauda epididymis was cut with microdissecting scissors, and suspensions of sperm released from the cauda epididymides were transferred into a 100-μL drop of fTYH containing BSA or MBCD. The sperm were incubated for 60 min at 37
• C with 5% CO 2 and then analyzed regarding the level of membrane cholesterol, membrane fluidity, fertility, and motility.
In vitro fertilization
Mature female mice were superovulated via intraperitoneal injections of 7.5 IU of equine chorionic gonadotropin (ASKA Pharmaceutical Co. Ltd) and 7.5 IU of human chorionic gonadotropin (ASKA Pharmaceutical Co. Ltd) 48 h apart. Mice were sacrificed 15-17 h later via cervical dislocation, and oviducts were quickly removed and transferred to a fertilization dish with paraffin oil. Four to six cumulus-oocyte complexes (COCs) were obtained from the ampulla of the fallopian tubes of two to three females. Cumulus-oocyte complexes were transferred to a dish containing a 200-μL drop of mHTF medium covered with paraffin oil. After the preincubation of cold-stored sperm for 60 min, an aliquot of the sperm suspension was carefully collected from the sperm preincubation drop and transferred to the IVF drop containing COCs, and then incubated at 37
• C with 5% CO 2 . Three hours later, the inseminated oocytes were washed three times in a 100-μL drop of mHTF covered with paraffin oil and then cultured at 37
• C with 5% CO 2 . At this time, pronuclear formation was observed by phase-contrast microscopy. Twenty-four hours after insemination, fertilization rates were calculated as follows: (total number of twocell embryos divided by total number of inseminated oocytes) × 100.
Embryo transfer
To evaluate the development of the two-cell embryos produced using fresh or cold-stored sperm for 24, 48, or 72 h via IVF using 0.75 mM MBCD, we performed embryo transfer (Experiment 3). After IVF, the two-cell embryos were introduced in a 100-μL drop of KSOM and then transferred into the oviducts of ICR females (10 embryos/oviduct) on the day a vaginal plug was found (day 1 of pseudopregnancy). Embryos were transferred through the wall of the fallopian tube as previously described [20] , and the number of offspring was recorded after 19 days.
Analysis of the level of membrane cholesterol
The membrane cholesterol of cold-stored sperm was stained with filipin (excitation: 365 nm; emission: 420 nm), and the level of membrane cholesterol was measured by flow cytometry [16] . After preincubation with BSA or MBCD, aliquots of the sperm suspension were mixed with filipin complex (500 μg/mL, Filipin complex from Streptomyces filipinensis, F9765, Sigma-Aldrich) in fTYH for 60 min at room temperature in the dark. The sperm were washed once by centrifuging and discarding the medium, and they were then resuspended in fTYH. The stained sperm were observed via fluorescence microscopy (Biorevo; Keyence Co., Japan). The level of cholesterol in sperm was quantified via the fluorescence intensity of filipin using a flow cytometer (Becton Dickinson, San Jose, CA). The relative mean fluorescence intensity was determined by dividing the fluorescence intensity of filipin-stained cells treated with BSA or MBCD by that of untreated filipin-stained cells.
Evaluation of membrane fluidity
Membrane fluidity of fresh or cold-stored sperm was evaluated with flow cytometric analysis using merocyanine 540 (M540) and Yo-Pro 1 staining (M540-YP staining), as previously described [21] , which was slightly modified for mouse sperm. Fresh or cold-stored sperm were incubated in a 100-μL drop of fTYH with or without 4.0 mg/mL BSA or 0.75 mM MBCD for 1 h at 37
• C in humidified air of 5% CO 2 . An aliquot of 80-μL sperm suspension was transferred to 1.0 mL phosphate buffered saline containing 1.0 mg/mL polyvinyl alcohol (PBS-PVA) in a 1.5-mL centrifuge tube. The suspension was centrifuged at 500 ×g for 10 min. The supernatant was discarded and the pellet was resuspended in 500 μL PBS-PVA containing 270 nM M540 and 25 nM Yo-Pro 1 for 10 min. The suspension was centrifuged at 500 ×g for 10 min and the pellet was resuspended in 500 μL PBS-PVA. The stained sperm cells were then analyzed using flow cytometer (FACSAria SORP, Beckton Dickinson, USA). The percentage of viable destabilized sperm was defined as that of sperm with Yo-Pro 1-negative and M540-positive cells and compared with the percentage of control (fresh or cold-stored sperm was collected in PBS-PVA). Experiments were repeated six to eight times and data from 10,000 cells were collected per analysis. The M540-stained sperm were observed under fluorescence microscopy.
Evaluation of the acrosome reaction
The acrosome reaction of sperm cold-stored for 48 h was examined using the peanut agglutinin lectin-fluorescein isothiocyanate (PNA-FITC) method as previously described [22] . After the preincubation of cold-stored sperm for 60 min, aliquots of the sperm suspension were mixed with PNA-FITC (20 μg/mL) in fTYH for 20 min at room temperature in the dark. Acrosome-reacted sperm were stained with PNA-FITC and visualized via the fluorescence of PNA-FITC (excitation: 495 nm; emission: 520 nm). The sperm were centrifuged and washed twice in fTYH. The sperm stained with PNA-FITC were observed and counted via fluorescence microscopy. One hundred sperm were randomly observed in each experiment, and this experiment was independently repeated four times (total number of examined sperm: 400 sperm/group).
Assessment of sperm motility
The motility of cold-stored sperm preserved in Lifor at 4
• C for 48 h was evaluated using a computer-assisted sperm analyzer (CASA, IVOS Sperm Analyzer, Hamilton-Thorne Research, Beverly, MA, USA) [23] . Sperm were transferred and cultured in a 100-μL drop of fTYH containing BSA or MBCD for 60 min. The sperm suspension was applied to a cell-counting chamber (Hamilton-Thorne Research, Beverly, MA, USA). The percentages of motile sperm, classified as those moving at a velocity of 5 μm/s in any direction, and progressive motile sperm, defined as sperm that have a path velocity > 50 μm/s and a straightness ratio > 50%, were calculated. In addition, average path velocity, progressive velocity, track speed, lateral amplitude amplitude of lateral head (ALH), beat cross frequency, straightness, and linearity were evaluated. An increase in ALH is a marker of hyperactivated sperm [24] .
Statistical analysis
Results are expressed as the mean ± SD. The means for each treatment were compared by analysis of variance after arcsine transformation of the percentages. When more than one pair of means was to be compared, Tukey-Kramer's pairwise comparisons were performed on the means, with P < 0.05 or P < 0.01 indicating significance.
Results
Experiment 1: MBCD enhanced the fertility of cold-stored sperm
Cold-stored sperm were preincubated in fTYH supplemented with various concentrations of MBCD. Figure 1 shows that 0.5-1.25 mM MBCD treatment increased the fertilization rate. The highest rate of fertilization was obtained at 0.75 mM. Based on the result of Experiment 1, we carried out the following experiments using the treatment of 0.75 mM MBCD.
Experiment 2: MBCD exhibited greater ability to increase fertilization rates than BSA
In vitro fertilization was performed using sperm treated with two cholesterol acceptors, namely BSA and MBCD, after cold storage for 0, 24, 48, or 72 h. MBCD treatment was associated with higher fertilization rates in each group (Figure 2 ). Significant differences in the fertilization rates between BSA and MBCD treatment were observed at 48 and 72 h.
Experiment 3: Two-cell embryos derived from cold-stored sperm with MBCD treatment developed into pups Two-cell embryos, which were produced through IVF using fresh or cold-stored sperm preincubated with 0.75 mM MBCD for 60 min, developed normally into pups after embryo transfer. The birth rates of cold-stored sperm were similar to those of fresh sperm at 0 day (Table 1) . Thus, cold-storage of sperm did not adversely affect development in vivo.
Experiment 4: MBCD stimulated cholesterol efflux from cold-stored sperm
After 48 h of storage, cold-stored sperm were treated with BSA or MBCD, and the remaining cholesterol was visualized using filipin. Cholesterol was ubiquitously localized on the plasma membrane of the head, midpiece, and tail, and it was especially abundant in the acrosomal region before MBCD treatment ( Figure 3B ). After exposure to MBCD, cholesterol levels were reduced in all parts of sperm (head, midpiece, and tail) ( Figure 3D ). Flow cytometry revealed that MBCD strongly induced cholesterol efflux, as approximately 60% of the membrane cholesterol content was removed by MBCD (Figure 4) . Bovine serum albumin slightly lowered the level of cholesterol compared with control nontreated sperm (fTYH).
Experiment 5: MBCD increased the percentage of viable sperm with membrane destabilization after cold storage
Membrane fluidity of fresh or cold-stored sperm preincubated with BSA or MBCD was analyzed with M540-YP staining. Membrane destabilized sperm was visualized with M540, and strong fluorescence of M540 was observed in the acrosome and midpiece regions in cold-stored sperm after treatment with MBCD ( Figure 5B ). Bovine serum albumin and MBCD increased the percentage of viable sperm (Yo-Pro 1-negative cell) with membrane destabilization (M540-positive cell) compared with control (non-preincubated sperm) in fresh sperm ( Figure 5C ). On the other hand, MBCD only induced membrane destabilization in cold-stored sperm ( Figure 5D ). Sensitivity to membrane destabilization during sperm preincubation was different between fresh and cold-stored sperm. Results are expressed as the mean ± SD (n = 4). Experiment 6: MBCD stimulated the acrosome reaction in cold-stored sperm After treatment with BSA or MBCD, acrosome-reacted sperm were visualized with PNA-FITC, and the percentage of acrosome-reacted sperm was observed via fluorescence microscopy. Bovine serum albumin and MBCD increased the number of acrosome-reacted sperm in fresh and cold-stored sperm ( Figure 6 ). In the cold-stored sperm, MBCD exhibited greater ability to induce the acrosome reaction than BSA.
Experiment 7: MBCD induced hyperactivation in cold-stored sperm
The motility of cold-stored sperm was analyzed using a CASA. MBCD induced hyperactivation with increasing lateral amplitude ( Figure 7B and C) and beat frequency ( Figure 7I ). There was no significant difference in the percentage of motile sperm among the groups ( Figure 7D ). On the contrary, BSA increased the percentage of progressive motile sperm ( Figure 7E ), straightness ( Figure 7J ), and linearity ( Figure 7K ) and reduced path velocity ( Figure 7F ).
Discussion
We demonstrated that MBCD effectively increased the fertilization rate of cold-stored mouse sperm compared with control or BSA treatment. MBCD maintained fertility of cold-stored sperm for up to 48 h. MBCD greatly removed cholesterol from the plasma membrane of the head, midpiece, and tail in cold-stored sperm. MBCD enhanced the membrane fluidity of cold-stored sperm. The acrosome reaction and hyperactivation were induced in MBCD-treated sperm. Time-dependent reductions in the fertility of cold-stored mouse sperm represent a serious problem that limits the utility of shipping GM mice using a cold transport system. In C57BL/6 sperm, fertility rapidly declined after cold storage in mineral oil at 4
• C for 24 h [25] .
First, we improved the low fertilization rate via a laser-assisted zona drilling method [25] . Then, we found that Lifor-based cold-storage medium prolonged the fertility of sperm compared with mineral oil [6] . The addition of reduced glutathione to the fertilization medium also elevated the fertilization rates of cold-stored mouse sperm [6] . The addition of sphingosine-1-phosphate to Lifor enhanced the protective effect on cold-stored mouse sperm, permitting the cryopreservation of the sperm after cold storage [7] . In this study, we revealed that the stimulation of cholesterol efflux using MBCD can capacitate the cold-stored sperm and rescue the time-dependent reduction of fertility of cold-stored mouse sperm. Moreover, MBCD-enhanced membrane fluidity induced the acrosome reaction and hyperactivation with increases in ALH and beat frequency. Preincubation of cold-stored sperm with MBCD will be useful for improving the fertilizing rate of the cold-stored or cold-transported sperm of GM mice. Cold shock is known as a possible cause of the dysfunction of cold-stored sperm [26] . Low temperature changes membrane fluidity and the lipid phase transition in cell membranes [27] . In addition, it is known that lipid diffusion in the plasma membrane was reduced by cryopreservation in human sperm [28] . Changing the physical status of the plasma membrane in cold-stored sperm may affect the ability of cholesterol acceptors to induce capacitation. Bovine serum albumin and MBCD increased the fertilization rate of fresh sperm ( Figure 2) . However, the effect of BSA time dependently declined in cold-stored sperm. On the contrary, MBCD exhibited strong ability to remove cholesterol, and MBCD-treated sperm maintained high fertilization rates after cold storage. In addition, MBCD showed a greater ability to increase the rate of viable sperm with destabilized membrane than did BSA in cold-stored sperm ( Figure 5D ). Conpanyo et al. also reported natural β-cyclodextrin increased the membrane fluidity in goat sperm [29] . The strong ability to remove cholesterol from plasma membrane by natural β-cyclodextrin and MBCD contributed to increase the membrane fluidity of the sperm. These results suggested that decreased fertility of cold-stored sperm is attributable to a decline in the initiation of capacitation due to membrane fluidity reduction, which can be reversed via cholesterol efflux stimulated by MBCD. MBCD is a useful compound for efficiently removing cholesterol from plasma membranes [30] . In 1983, Irie et al. discovered that cyclodextrins induced hemolysis and shape changes in human erythrocytes by directly interacting with membrane components [31] . Beta-cyclodextrin removed cholesterol from the plasma membrane by exhibited greater affinity for cholesterol than alphaor gamma-cyclodextrins [32] . In 1998, Choi and Toyoda firstly reported MBCD-induced capacitation in mice [33] . Visconti et al. revealed that MBCD-mediated cholesterol efflux promoted the transmembrane signal transduction of protein tyrosine phosphorylation [10] . The effects of MBCD and β-cyclodextrin derivatives on capacitation were confirmed in various mammalian species [34] [35] [36] [37] [38] . Previously, our study clearly demonstrated that MBCD more effectively increased the fertilization rate of frozen-thawed mouse sperm than BSA [16] . In addition, we revealed that MBCD shortens the time of capacitation by rapidly removing cholesterol from the sperm membrane. The protocol of sperm preincubation using MBCD is a widely accepted reproductive technique in mice [39] . Recently, the addition of MBCD to culture medium was revealed to enhance the capacitation status of frozen-thawed bovine sperm [40] . In this study, MBCD at 0.5-1.25 mM improved the fertility of cold-stored mouse sperm (Figure 1 ). The fertility of cold-stored sperm declined time dependently, and the fertilization rates were improved by preincubation with MBCD at 48 and 72 h (Figure 2 ). These results suggest that MBCD can potentially reverse the cryostorage-and cold-induced reduction of fertility of mammalian sperm.
During capacitation, various physiological changes occur in the head and tail of sperm in the female reproductive tract [41] . In general, there are two indicators of capacitation, namely the acrosome reaction and hyperactivation. The acrosome reaction is an exocytotic event occurring in the acrosomal membrane before fertilization [42] . Hyperactivation is defined by the typical motion of activated sperm with high amplitude and asymmetrical flagellar bending [43] . We observed that MBCD induced the acrosome reaction by evaluating the acrosomal status using PNA-FITC staining in cold-stored sperm and initiated a vigorous motion of the sperm head (elevation of ALH) using a CASA system ( Figures 6, 7B and C) . There are many reports regarding the induction of the acrosome reaction by MBCD. On the contrary, this is the first report to confirm that hyperactivation was promoted by MBCD. MBCD removed cholesterol from the midpiece and tail ( Figure 3D ), which may affect sperm motility. Hyperactivation is regulated by the elevation of intracellular Ca2 + through conventional voltage-gated cation channels of CatSper 1-4, which are localized in the principal part of sperm [44] . CatSper 1-4-null male mice are infertile due to dysfunction of hyperactivation. Treatment with MBCD elevated calcium channel currents by disrupting lipid rafts in the TSA201 cell line derived from human embryonal kidneys [45] . The increase in calcium influx induced by MBCD may be involved in the induction of hyperactivation in cold-stored sperm. Further research should be performed to elucidate the mechanism of hyperactivation derived from calcium influx via cholesterol efflux.
In sperm cold-stored for 48 h, BSA displayed lower ability to induce cholesterol efflux than MBCD (Figure 4) . We assume that the difference in this activity between BSA and MBCD is the main reason explaining the difference in efficiency of promoting fertilization of cold-stored sperm between the cholesterol acceptors. However, the same concentration of BSA can induce capacitation and increase fertility before cold storage. The insufficient effect of BSA on coldstored sperm may be related to the tolerance of cholesterol loss in the plasma membrane after cold storage.
In this study, we focused on the abnormality of sperm membrane resulting from cold storage that was overcome by MBCD treatment. To prolong the period of cold storage for more than 72 h, aging of sperm may be achieved during storage. At 5
• C-15
• C, bull sperm suffered from oxidative stress, leading to mitochondrial DNA damage and chromosomal abnormalities [46] . Addition of protective agent against oxidative stress to cold-storage medium may be useful in reducing the aging of sperm and prolonging the fertilizing ability of cold-stored sperm. In summary, MBCD improved the fertilization rate of cold-stored sperm by elevating membrane fluidity and inducing acrosome reaction and hyperactivation via reductions in cholesterol content in the head, midpiece, and tail of sperm (Figure 8 ). The application of MBCD to IVF will be useful to efficiently produce embryos from the cold-stored or cold-transported sperm of GM mice.
